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ABSTRACT 

A yft  aluminum  - ')%  obronilum  - lov  carbon  - tltanlun 
alloy  was  studied  to  determine  effeots  of  hot  and  odld 
rolling  and  annealing  on  microstruoture,  on  direction- 
ality, and  on  reorystallisation  and  grain  growth.  Results 
of  this  work  indicate  that  this  alloy  has  unusual  recrys- 
tallization characteristics  vihioh  prevent  reduction  of 
grain  size  fay  the  usual  methods  of  deformation  and  heat 
treatment.  The  desired  Inpravement  in  ductility  did  not 
materialize  from  the  treatments  considered.  Heating  this 
alloy  in  air  to  the  teo^eratures  necessary  for  true  hot 
vorklng  produces  serious  contamination  and  affects  the 
properties. 

FROBLQl  STATUS 

This  is  a final  report  on  this  alley  study;  no  fur- 
ther work  will  be  done  on  this  alley  unless  the  Labora- 
tory is  otherwise  notified  by  the  Bureau  of  Aeronautic. 
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I.  Introduotlon 


Thla  report  presents  the  date  obtained  from  an  investigation  nade 
for  the  Bureau  of  Aeronautios  on  a 3%  aluminum,  5%  (Airomium,  low  carbon 
titanium  allogr.  An  interim  letter  report  serial  Ho.  3500-241A/51  ehb 
(3510)  dated  7 May  1951  vas  prepared  on  preliminary  work.  The  work 
covered  in  the  interim  report  is  also  In^uded  in  this  report. 

The  alloy  vms  developed  by  P.R.  Mallory  & Co.,  under  a BuAsr  oon> 
tract,  and  this  company's  continued  study  of  its  fateioation  and  propeiv 
ties  has  been  reported  in  their  bi-monthly  reports.^  The  development 
work  indicated  that  it  has  desirable  physical  properties  and  offers  at- 
tractive possibilities  for  use  as  sheet  or  plate.  The  ductility  of  the 
alloy,  however,  is  somewhat  belcw  that  considered  necessary  for  satis- 
faoto^  formability.  Since  all  of  the  work  done  on  this  alloy  by  P.R, 
Mallory  & Co.  had  been  with  carbon  bearing  material,  it  was  considered 
desirable  to  investigate  the  possibilities  of  obtaining  further  imp- 
provement  in  ductility  on  relatively  carbon  firee  material. 

The  How  fork  University  Research  Division  is  studyii^  the  low  alvw* 
nlnuB  - low  chromium  comer  of  the  Al-Cr-Ti  ternary  system.^  The  r»> 
crystallisation  ohamoterlstlos  of  the  3$  alxiainum  - 59(  chromium  -tita- 
nium alloy,  however,  have  not  been  discussed  by  either  Mallory  or  the 
HXU  group. 

The  purpose  of  this  investigation  is  to  determine  the  effects  of 
hot  and  cold  rolling  and  •nw— Hwg  on:  1)  mlorostruoture,  2)  variation 
in  directionality  of  propertiee,  3)  reerystallisatlon  and  grain  growth. 

II.  Preparation  of  Material 

Material  for  this  investigation  was  supplied  by  the  Bureau  of 
Aeronautics  in  the  form  of  el^t  sheets  8"  x 15*  x .000”  • These  had 
been  prepared  ftom  a double  arc  melted  ingot  made  at  Battelle  Mmaorlal 
Institute. 

Aoocrdii^  to  information  supplied  by  PJt.  Mallory  & Co.,  of  Indi- 
anapolis, the  sheet  urns  prepared  in  the  following  manner:  the  ingot  was 
forged  in  the  temperatuire  range  of  925°~970^  into  a 3/9*  x 3*  x 59” 
plate  uflth  a total  reduiction  in  area  of  9001.  The  3-3/4”  diameter  ingot 
uiaa  firot  forged  to  a ?*  sqtmre  and  then  finished  to  the  plate.  Pour 
reheatings  on  each  end  of  the  ingot  were  requiired  for  forging.  The  plate 
ums  curt  into  8"  lengths  and  hot  rolled  at  8^X  in  a transverse  dlre^icn 
to  the  forging  direction.  Reductions  of  .0^  per  pass  wore  taken  to  re- 
duioe  the  plate  to  .200"  thick.  Reduiotions  of  .030— .0135"  psr  pass  u«ere 
taken  to  reduce  the  .200”  thick  sheet  to  .100”  thick.  The  final  passes 
were  .010”  reduiotiono  to  the  finished  thickness,  i^jpragclaately  tea  re- 
heatings were  required  with  one  reduction  per  reheat.  The  sheet  was  air 
cooled  after  the  final  reduction.  Surface  scale  i«s  removed  by  sand- 
blasting followed  by  pioUlng  in  a nitrio-hydrodulorio  acid  solution. 
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Bend  teets  were  made  In  the  'oonatant  moment  bend  jig',  (Fig*  2), 
to  determine  changes  In  bendability,  and  tenaile  teats  were  made  on  a 
oOfCXXy  Baldwin  Southwark  testing  machine.  Rockwell  A hardnees  tests 
were  made  on  all  rolled  samples* 

To  assist  in  the  study  of  the  recrystalUaation  characteristics,  a 
series  of  8 binary  alloy  buttons,  each  consisting  of  1,  2 and  3%  alu^- 
num  content,  and  1,  2,  3,  4 and  5%  chromium  content;  a oonnercial  tita- 
nium sponge  button;  and  2 buttons  of  y%  aluminuii^59(  chramiun-titanlum 
alloy  were  prepared  by  arc-melting  Dupont  titanium  sponge  and  coomerclal 
high  purity  alloying  metcds  in  a water-cooled  copper  crucible,  using  a 
tungsten  electrode  in  a helium  atmosphere.  The  l^tons  were  turned  up 
on  edge  and  each  remelted  several  times  to  assure  thorouc^  mixiz^.  1/2" 
square  slices  about  1-1/4"  long  sawed  from  the  buttons,  were  cold  rolled 
to  *4"  square  in  grooved  rolls;  and  after  at  60CPC  in  vacuum, 

these  pieces  were  fvirther  cold  rolled  to  ,3"  square  bars.  Sections  of 
these  30$  cold  reduced  bars  were  heat  treated  and  quenched  la  the  vacuum 
furnace,  and  a metallographlc  examination  made  to  determine  the  occur- 
rence and  extent  of  recrystalUzatlon.  Rockwell  A hardness  tests  were 
also  made  at  the  various  stages  of  preparation  and  heat  treatment. 

Manual  polishing  techniqxies  were  used  in  the  preparation  of  the 
metallographlc  specimens.  Specimens  exhibiting  the  aoicular  transformed 
quenched  structure  and  the  'velnlng'  network  were  electropollshed  as 
well;  the  examination  of  these  specimens  verified  that  no  structure  var- 
iations had  been  introduced  by  the  mnniml  polishing. 

The  measurement  of  low  order  ductility  in  sheet  materials  has  not 
been  formalized.  To  determine  values  of  elongations  iq)  to  5$  in  the 
outer  fibers,  Plnto^  recommends  bending  around  a tonqtlate  of  varying 
radius.  The  ASTM  Stazidard  Method'  outlines  a bending  test  for  ductility, 
measuring  ^ber  elongation,  vdilch  gives  reproducibility  within  15$  on 
plate  of  1/4"  and  over;  this  method  emphttsizes  that  local  stress  or 
strain  be  avoided  in  the  bending  section.  The  use  of  a "Constant  Moment 
Bend  Jig"  developed  ly  the  Chance  Vouj^t  Aircraft  Company^  \dilch  pro- 
duces a free  bend  in  the  specimen,  was  suggested  by  the  Biireau  of  Aero- 
nautics. The  design  was  modified  for  this  problem  and  adapted  for  use 
on  sheet  materials,  and  a jig  constructed,  (Fig.  2).  The  radius  of 
curvature  of  the  b^t  specimen  oan  be  conputed  from  measurement  of  the 
height  of  the  bend  on  a measuring  device,  (Fig.  3),  the  strain  in 
the  outer  fiber  conputed  from  the  radius  of  curvature  and  the  sheet 
thlcknjMS,  using  foimulas  derived  by  Chance  Vought®  and  by  Lubahn  and 
Sachs . ' The  measuxdng  and  stredn  evaluaticm  calculation  methods  are 
given  in  the  Appendix. 

Elongation  values  determined  ly  tills  bend  test  were  compeured  to  the 
elongation  measured  on  the  stress-strain  recorder  charts  by  the  corres- 
ponding tensile  test  speolmens  prepared  from  the  tltaniuz  alloy  sheet 
because  of  the  inability  to  obtain  other  low  ductility  materials.  The 
elongation  values  correlate  well  and  the  use  of  the  beni  test  jig  allows 
in  addition  to  evaluating  bendability,  a more  rapid  and  a more  economi- 
cal method  ot  determining  elongation  than  provided  by  tensile  testli^. 


IV.  Results 


1.  No  detectable  alloy  segregation  or  tungsten  inclusions  were 
found  in  the  radiographic  examination. 

2.  An  abnormally  large  grain  size  of  about  15  grains  per  square 
millimeter  was  found  in  the  as  received  sheets  (Fig.  4).  An  oxygen- 
rich  laver  of  about  .003"  thick  remained  on  the  surfaces  of  the  sheets, 
(Fig.  5),  which  tends  to  diffuse  inward  on  any  heating  to  800°C  or 
higher  (Fig.  6).  The  alloy  has  a Tukon  Knoop  hardness  of  370,  (Fig.  5)^ 
which  increases  to  400  upon  quenching  from  1000%  (Fig.  7). 

3.  The  sheets  have  a total  average  content  of  .32^  Oxygen,  .023^ 
Nitrogen  atri  .Qld^  Hydrogen;  but  with  .010"  surface  thickness  removed 
from  each  side,  the  Oxygen  content  is  ,215%,  Nitrogen  .013%  and  Hydro- 
gen .01^.  On  this  basis,  an  oxygen-rich  layer  .003"  thick  would  have 
an  Oxygen  content  of  over  2%. 

4.  The  normal  structure  of  the  hot  rolled  titanium  alloy  sheet  is 
large  grained;  it  is  a two  phase  structinre,  with  tiny  peurtioles  of  ol;^ 
titanium  solid  solution  oriented  on  crystallographic  planes,  in  the  ma- 
trix of  transformed  beta  titanium  solid  solution  (Fig.  8).  On  heating, 
the  particles  enlarge  to  a Tnaximiim  size  and  amount  at  about  875%  (Figs. 
9 th^  12);  on  further  heating  they  decrease  in  size,  (Fig.  13).  In 
quenching  from  950%  or  higher,  an  acicular  transformed  structure  is 
produced,  (Figs.  14  & 15).  The  same  structure  changes  were  found  also 
in  heating  previously  quenched  samples,  (Figs.  16  thru  21),  and  in  heat- 
ing 20%  cold  reduced  sheet  sanples,  (Figs.  22  thru  27).  Sheet  reduced 
20%  by  cold  rolling  showed  no  recrystallization  on  heatiiig  to  tempera- 
tures up  to  900%.  On  heating  to  950%  or  over,  grain  groirth  occurred, 
(Fig. 

5.  Sheet  first  quenched  from  1000%,  reheated  to  950%  or  higher, 
and  again  quenched,  exhibited  a fine  network  within  the  large  grains, 
(Fig.  15).  X-ray  back  reflection  photographs  indicated  this  network  to 
be  a 'velning*  within  the  grains,  rather  than  any  ro-orientatlon  or 
grain  break-iq>.  Alloy  sheet  in  this  condition  was  too  brittle  to  allow 
any  reduction  by  rolling. 

6.  Sheet  fully  annealed  by  furnace  cooling  at  the  rate  of  1%  per 
minute  from  1000%  to  700%,  showed  a laminar  structure  of  massive  alpha 
titanium  layers  in  the  remaining  beta  matrix  (Fig.  28).  It  developed 
svirface  euod  edge  cracks  then  cold  rolled,  and  fractured  in  the  bend  test. 
Heat  treatment  of  the  annealed  sheet,  with  and  without  cold  deformation, 
produced  a transformation  of  the  al;ha  solid  solution  back  to  beta  (Fig. 
29),  in  an  amount  corresponding  to  the  temperature  attained.  No  reorys- 
tadllzatlon  was  found.  A deirk  etching  phase,  (Fig.  30),  developed  at 
500%  in  the  beta  matrix;  this  phase  persisted  ip  to  700%,  but  was  no 
longer  evident  at  730%. 


7.  The  outer  fiber  strain  measured  in  the  bend  test  correlated 
well  with  the  plastic  strain  shown  at  fracture  on  the  stress-strain 
recorder  charts  by  the  corresponding  tensile  test  samples.  As  received 
alloy  sheet  showed  eui  average  of  2.3^  strain  in  both  test  methods,  Dii- 
plicate  sets  of  tensile  specimens,  cut  treuisverse  and  longitudinal  to 
the  rolling  direction,  indicated  strengths  of  152,000  €ind  160,000  psi 
respectively;  the  corresponding  bend  test  saiiq>les  did  not  show  this 
dlrectlonedlty.  A slight  Increase  in  ductility  from  2.3$  to  2.8$  strain 
was  indicated  for  sheet  rolled  to  10$  reduction  at  700%.  Sheet  rolled 
at  800°C  increased  in  strength  from  160,000  psi  to  190,000  psi,  but  the 
ductility  decreased  to  zero.  The  sheet  rolled  at  900%  showed  no  change 
in  ductility  over  that  as  received  but  the  sample  rolled  at  1000%  was 
quite  brittle,  fracturing  in  the  bend  test. 

8.  A sheet  san^e  reduced  10$  by  cold  roUlxig  showed  no  change  in 
ductility.  Cold  rolling  to  20$  reduction  decreased  the  strain  measure- 
ment from  2.3$  to  1$.  Sheet  'warm  rolled'  at  200%  to  10$  and  20$  reduc- 
tions also  showed  a distinct  loss  of  ductility  auid  fractired  in  the  bend 
test  (Fig.  34).  In  testing  this  series  of  sanqoles,  noise  simlleu*  to  "tin 
cry"  was  heard  dincing  the  bonding. 

9.  Rockwell  A hardness  was  found  to  be  relatively  insensitive  to 
the  thermal  and  mechanical  treatments  given  the  sheet.  The  hardness 
readings  averaged  71;  with  multiple  readings  on  some  samples  extending 
over  a 2 point  range.  The  variation  attributable  to  treatment  woxild  al- 
so cover  this  raiage. 

10.  Metallographlc  examination  of  the  sdumlnum  and  chrcxalum  binary 
alloy  series  revealed  that  the  presence  of  alpha  titanium  solid  solution 
inhibited  recrystallization  and  grain  growth  of  the  beta  matrix  (Fig.  31). 
When  the  metal  transformed  entirely  to  the  beta  thase,  recrystsdlization 
and  accelerated  grain  growth  took  place  (Fig.  32).  The  Rockwell  A hard- 
ness readings,  tabulated  with  the  microstructures  in  Fig,  35*  indicated 
hardening  by  cold  working  of  the  cdpha  phase  unalloyed  titanium  and  alu- 
minum-titanium binary  alloys.  These  alpha  phase  alloys  softened  on  heat- 
ing to  800%  or  higher  and  recrystallized.  The  chranium-titenlum  bineiry 
alloys  were  hardened  by  quenching  of  the  beta  solid  solution.  The  ternary 
3$  A1  - 5$  Cr  - Ti  alloy  prepared  showed  no  response  to  cold  working  or 
heat  treatment  with  a Rockwell  A hardness  of  68^9  for  all  readings, 

11.  Ho  oxidation  of  the  expjosed  edges  of  the  sheet  was  found  in  the 
pieces  for  rolling  that  were  heated  to  700%  in  air  for  ten  minute  per- 
iods (Fig.  33).  Heating  to  higher  ten^eratures  however,  did  produce  on 
oxidized  layer  in  the  ten  minute  exp>osure. 

V.  Discussion  of  Results 

The  sheet  materiial  sv^plled  was  not  flat,  each  piece  being  ovirled 
iq}  at  the  ends.  Tho  surface  treatment  of  the  sheets  by  sandblasting  and 
acid  pickling  was  not  uniform;  each  sheet  varied  in  thickness  freo  .075" 


to  .085”,  and  the  amount  of  the  oocldatlon  layer  removed  was  erratic  as 
shown  hy  the  metal! ographlc  evidence.  When  specimens  were  heated  in  the 
. » vacuum  quenching  fizrnaoe,  on  especially  large  evolution  of  gas  was  noted 

at  about  700^0 . It  is  suspected  that  this  gas  is  hydrogen,  which  re- 
sulted fi'Gci  the  acid  pickling  treatment. 

The  original  aim  of  this  probleo  had  been  primarily  to  correlate  the 
effects  of  hot  and  cold  rolling  procedures  and  annealing  treatments  with 
the  crystal  orientations  produced;  however,  the  work  became  that  of  at- 
tempting to  reduce  the  as  received  grain  size  of  the  sheet  to  one  suffi- 
ciently small  so  that  preferred  orientation  studies  could  be  made  before 
and  after  rolling  and  annealing.  (The  as  rocoived  grain  size  would  re- 
quire the  construction  of  an  integrating  x-ray  camera  which  uses  largo 
area  transml.saion  samples  and  photographic  recording.  The  available 
equipment  uses  reflection  samples  and  Geiger  counter  recording  and  is 
limited  to  material  of  very  small  grain  size.)  Although  an  apparent  ef- 
fect of  grain  size  refinement  by  veining,  see  Fig.  15,  was  found  in  sheet 
that  was  reheated  to  the  beta  region  and  quenched  after  a first  quenching 
from  the  beta  phase,  no  recrystallization  or  graiin  refinement  was  found 
from  any  combination  of  cold  deformation  £ind  heat  treatment. 

The  veining  effect  has  been  found  ^ several  other  metals  and  alloys, 
and  has  been  discussed  by  moi^  writers.®”^  In  this  study,  the  back  re- 
flection x-ray  photographs  of  the  veined  structiffe  did  not  indicate  any 
reorientation  within  the  large  grains.  Samples  in  the  veined  condition 
slowly  cooled  from  1000°C  through  the  transformation  range  produced  micro- 
structinres  identical  with  those  similarly  cooled  but  not  previously 
quenched.  The  requirement  for  veining  in  this  alloy  appears  to  be  de- 
pendent on  internjil  strains  induced  by  double  quenching  from  above  the 
transformation  range. 

In  studying  the  quenched  specimens  from  various  heat  treatments,  the 
mechanism  of  the  changes  in  the  microstructures  became  apparent.  The  as 
received  structure  (Fig.  8),  although  it  has  the  appearance  of  a single 
phase,  is  actually  a two  phase  alloy  with  tiny  particles  of  alpha  tita- 
nium solid  solution  oriented  on  crystoUograj^lc  planes  in  the  trans- 
formed beta  titanium  solid  solution  matrix  in  each  large  grain.  The 
transformed  beta  matrix  (sometimes  called  al;^a  prime  in  the  literature) 
has  the  needle  like  a^eartmee  associated  with  titanium  quenched  from  the 
beta  phase,  but  in  this  alloy  sheet,  the  needles  appear  very  minute,  as 
they  only  extend  from  one  tiny  alpha  particle  to  axx)ther.  The  phase  re- 
lations of  the  3$  aluolnisD  - % ohroDlum  - titanium  alloy  tend  to  follow 
those  of  the  titanium  - thronium  system  (Fig,  36)  rather  than  the  tita- 
nium - aluminum  system  (Fig.  37);  the  lower  limit  of  the  transformation 
range  is  about  700<3C  for  this  alloy  (Fig,  38).  Specimens  heated  to  700°C 
(Fig,  9)  and  750*^  (Fig,  10)  show  em  enlarging  of  the  nlnha  particles 
oriented  within  each  grain.  On  further  beating  (Fig.  11)  the  alpha  nir- 
ticles  continue  to  enlarge  to  a maximum  size  at  about  875^  (Fig.  12); 
specimens  quenched  from  920^  (Fig.  13)  Show  a much  smaller  alpha  parti- 
cle size  with  a network  of  small  beta  grain  boiindarles  connecting  the 
alpha  particles.  This  alpha  growth  and  solution  process  was  found  not 
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only  in  heat  treating  specltaens  of  as  received  sheet>  as  discussed  above, 
but  also  In  heat  treating  sheet  specimens  previously  quenched  from 
lOOQOC  (Figs,  16  thru  21),  and  those  cold. rolled  to  20)6  reduction  (Figs, 

22  thru  27).  Upon  reheating  the  samples  previously  quenched  from  1000^, 
the  alpha  particles  developed  along  the  meurtensitic  type  needles  (Fig. 

19).  The  smaller  size  of  the  alpha  particles  found  in  the  20^  cold 
rolled  specimens  (Fig.  25)  indicates  the  possible  fragmentation  of  the 
crystallographic  planes  produced  by  the  cold  deformation. 

The  back  reflection  x-ray  pattern  (Fig.  39),  of  the  20)6  cold  re- 
duced sheet  also  indicates  fragmentation;  the  microstructure  of  the  x- 
raved  area  isAown  in  Fig.  40.  The  back  reflection  x-ray  pattern  (Fig. 

41),  and  the  corresponding  mlcrostructuro  (Fig.  42),  of  the  same  sample 
after  quenching  from  920®C  shows  that  recrystallization  has  taken  place. 

An  equlllbrlvim  amount  and  size  of  alpha  particles  are  obtained  vhen 
the  specimens  of  this  alloy  are  heated  for  a sufficient  length  of  time 
in  the  alpha  plus  beta  temperature  range.  Mairtens^^  has  recently  shown 
that  it  required  16  hoxirs  at  815°C  for  a similar  titaniian  allpy  to  reach 
a maximum  hardness  vMch  he  states  is  evidence  of  progress  to  an  equilib- 
rium structiffe.  The  cooling  rate  will  further  determine  the  alpha  parti- 
cle size  as  illustrated  in  Fig,  28.  This  sample  was  cooled  from  1000% 
to  700°C  at  a rate  of  1°C  per  minute  and  the  microstructure  is  5056  alpha 
with  large  laminar  layers.  This  can  be  compared  to  Fig.  14,  which  shows 
the  microstructure  of  a sample  quenched  from  980%. 

The  dark  etching  phase  (Fig.  30)  found  in  the  beta  .Tatrlx  of  massive 
laminar  alpha  fully  annealed  specimens  reheated  in  the  range  of  50C°C  to 
700%  is  considered  to  bo  TiCr2  or  a similar  titaniuro-chromium-alumlnum 
compouzxi.  This  phase  has  been  discussed  and  tentatively  identified  by 
the  NYU  research  group, ^ and  would  be  that  expected  to  occur  in  this 
range  from  consideration  of  the  phase  relations  of  the  ternary  diagram 
(Fig.  38). 

Cold  rolling  this  sheet,  a 10)6  reduction  in  thickness  could  be  ob- 
tained without  loss  of  ductility;  sheet  reduced  20)6  fractured  in  bond 
testing  (Fig.  34).  'Warm  rolling'  at  200%  to  10)6  and  20)6  reductions 
produced  very  brittle  samples  (Pig.  34).  An  increase  in  plasticity  with 
increasing  working  temperatures,  analogoM  to  magnesium,  had  been  fore- 
cast for  titanium  by  Bounds  and  Cooper;^®  their  prediction  \ias  based  on 
the  addition  of  slip  systems  at  200%  being  a property  of  the  hexagonal 
lattice,  rather  than  a characteristic  of  the  metal.  The  hardening  ob- 
tained in  the  samples  'warm  rolled'  does  not  sxipport  that  hypothesis. 

The  slight  improvement  in  ductility,  from  2.3)6  strain  to  2.8)6  (Fig. 

43)  found  in  sheet  rolled  at  700%,  is  not  sufficient  improvement  to  re- 
duce fabricating  problems  as  the  sheet  is  still  too  brittle  to  allow 
sufficient  bending  or  forming.  The  increase  in  strength  of  sheet  rolled 
at  800%  exceeds  the  hardening  and  strengthening  found  by  P.R.  Mallory 
& Co.,  in  forging  these  alloys  at  800%.  They  had  attributed  the  increases 
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to  strain  hardening  freon  cold  working.^  It  must  be  considered  that  any 
forging  or  rolling  below  925^  will  be  cold  working  for  these  alloys  as 
no  reorystaUlsatlon  appears  belcw  that  teBqperature.  The  sheet  rolled 
at  900%  showed  no  change  in  ductility  or  mlcrostructure;  this  approocl- 
nated  the  teiqnerature  range  in  ndilch  the  alloy  had  originally  been  re- 
duced to  sheet.  The  micros trooture  of  sheet  rolled  at  1000°C  was  un- 
changed from  that  of  the  as  received  material,  except  for  a saw  tooth 
effect  in  the  grain  boundaries.  Either  the  chilling  effect  of  the  rolls 
and  subsequent  air  cooling  si^plied  a cooling  rate  that  recreated  the 
original  mlorostructure,  or  possibly  the  transformation  is  so  sluggish 
that  the  alloy  was  not  at  temperature  long  enough  for  any  new  mlcrostruc- 
ture to  form.  The  boating  period  of  ten  minutes  was  sufficient  time  for 
the  exposed  edge  surface  to  develo,  em  oadde  coating,  and  for  the  pre- 
vious surface  oxide  layers  to  diffuse  Inward  a small  amount. 

The  microstructures  of  the  as  received  sheets,  vdien  compared  with 
the  microstructuros  obtained  in  heat  treating  this  alloy,  are  not  coiqiat- 
ible  with  the  thermal  history  furnished  with  the  material.  The  hot  roll- 
ing temperature  was  given  as  a structure  similar  to  Fig.  11, 

should  have  been  attained  at  this  temperature  rather  than  that  of  Fig.  8. 
The  nearest  approach  to  the  structure  shown  in  Fig.  8,  was  found  in  spec- 
imens quenched  from  750°C  (Fig.  10). 

The  metallographlc  examination  of  the  prepared  binary  alloy  series 
of  titanium  - chromium  and  titanium  - aluminum  revealed  the  process  of 
transformation  and  recrystoUization  of  this  groap  of  titanium  alloys. 
Cold-worked,  arc-melted,  unalloyed  sponge  titanium  will  recrystallize  at 
600%;  it  is  all  in  the  alpha  phase  at  this  temperature.  With  an  increase 
in  tenqperat\ire  tc  900%,  the  alpha  phase  starts  to  transform  to  beta.  The 
beta  phase  is  nucleated  both  within  the  grains  and  at  the  grain  boundaries, 
bxxt  more  generally  at  the  boundaries;  the  beta  within  the  gredns  is  ori- 
ented on  crystallograpMc  planes.  The  transformation  proceeds  with  in- 
creasing toii7>eratures  and  is  virtually  coiqileted  at  950%.  The  same  re- 
crystedllzatlon  and  phase  changes  take  place  in  binary  titanium  alloys 
containing  1,  2 and  3%  Al,  and  1^  Cr;  these  are  also  single  phase  alpha 
titanium  solid  solutions  below  tiie  transformation  range.  The  beta  grains 
grow  rapidly  after  all  the  alpha  has  transfomed,  and  all  of  the  specimens 
quenched  from  ^OOOPC  had  a very  large  aoicular  transformed  beta  s-bructure. 
The  titanium  - chrmnium  binary  alloys  over  1%  chromium,  and  the  3%  alumi- 
num - ohrooium  - titanium  alloy  are  mixtures  of  edpto  and  beta  phases 
at  lower  tecqperaturee.  When  annealed  at  800%,  30S(  cold  reduced  speci- 
mens of  these  allays  show  no  evidence  of  recrystallization.  On  heating 
further,  the  alpha  particles  in  these  samples  decrease  in  size  as  they 
transform  to  beta  (Fig.  31),  and  at  about  950%  the  microstructure  con- 
sists of  small  reorystallized  beta  grains,  with  the  last  vestiges  of  the 
alpha  partlclee  in  the  beta  grain  boundary  network  (Fig.  32).  When 
quenched  from  1000%,  these  soiqtles  have  very  large  aoicular  beta  grains, 
accelerated  grain  growth  having  started  at  the  final  transformati«i  of 
the  alpha  ;^8e.  Recrystallization  oxxl  grain  growth  of  these  titanium 
alloys  is  thus  inhibited  \ddJ.e  transformation  is  Inoonplete.  This 
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behavior  is  in  contrast  to  that  found  in  dupleac  brass^'^’^®  in  which 
either  of  the  two  phases,  alpha  and  beta, may  be  induced  to  rec^tallpc 
by  appropriate  treatments.  Titanium  behavior  also  contrasts  with  that 
of  steel,  in  \diich  a grain  rofinemont  from  the  allotropic  change  takes 
place  in  passing  through  the  gamma  to  alpha  iron  transformation. 

The  lack  of  hardening  response  of  the  alloy  sheet  and  of  the  spe- 
cially propeired  alloy  buttons  of  the  same  composition  to  both  thermal 
and  mechanical  treatments  seems  to  be  a characteristic  of  this  alpha- 
beta  type  of  titanium  alloy.  P.R.  Mallory  & Co.,  hod  reported  a similar 
finding  with  this  alloy  containing  carbon 

The  rocrystallization  and  grain  growth  characteristics  of  this  alloy 
suggest  that  changes  are  required  in  the  procedures  for  ingot  breakdown 
and  fabrication.  \'lh±lo  short  time  heating  cycles  in  air  in  the  t^cra- 
turc  range  of  700°C  to  900*^  will  render  the  alloy  more  amenable  to  de- 
formation at  those  temperatures  without  materially  affecting  the  micro- 
structure  or  grain  size,  heating  into  the  all  beta  region  can  only  result 
in  an  increased  grain  size  due  to  the  inpractibility  of  heating  just  to 
the  end  of  the  traiisformtion.  While  the  majority  of  the  forging  and  hot 
working  operations  that  have  been  reported  in  the  literature  m tltfuaw 
alloys  have  been  performed  at  900OC,  otarting  forging  at  1050^  with  fln- 
Iching  not  b;low  950'^X3  woidd  result  in  a aor©  positive  breaking  up  of  the 
as-cast  grain  structure.  In  heating  into  this  terporature  range  surface 
oxidation  and  oxj'gcn  diffusion,  however,  bccor.es  a serious  problem. 

VI.  Conclusions 

1.  The  3%  aluminum  - 5%  chromium  - titanium  alley  sheet  as  received 
had  too  large  a grain  size  to  permit  study  of  the  preferred  orientations 
produced  by  varying  rolling  and  annealing  procedures. 

2.  The  forging  and  hot  working  of  the  as  received  sheets  were  per- 
formed under  conditions  which  promoted  the  formation  of  oxidized  surface 
layers,  and  allowed  diffxision  of  the  layers  into  the  shoot. 

3.  The  grain  size  could  not  be  reduced  by  the  usual  methods  of  de- 
formation and  annealing. 

4.  The  rocrystallization  of  this  low  carbon  alloy  is  inhibited  when 
transformation  is  incomplete  and  a second  phase  is  present  in  thc^cro- 
structuro.  When  the  alloy  is  heated  into  the  all  beta  range,  925‘^  or 
over,  to  cocplcte  the  transformation,  an  accolcrotcd  grain  growth  irmo- 
diatoly  follows,  nullifying  this  as  a method  of  grain  refinement, 

5.  A slight  improvement  in  ductility  of  the  sheet  alloy  was  at- 
tained by  heating  to  700OC  for  rolling j this  increase  however,  is  not 
sufficient  to  alleviate  the  forming  difficulties  of  this  matoriol. 
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Figure  2 - Conatant  moment  bend  Jig 


Mallory  3%  A1  - 5%  Cr  - Ti  Alloy  Sheet 
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Fig.  9 Heated  to  700OC  Quenched  500X 


Mallory  3%  A1  - 5%  Cr  - Ti  Alloy  Sheet 
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Fig.  14  Heated  to  980°  Quenched  5CCX  Fig.  15  Quenched  Twice  from  1000®  lOOX 
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Mallory  y%  A1  -556  Cr  - Ti  Alloy  Sheet  Quenched  fron  10CX)°C 


Fig,  17  Reheated  to  750oC  Quenched  50CK 


Fig,  19  Reheated  to  880°  Quenched  50CK 


Fig,  16  Reheated  to  700°  Quenched  500X 


Fig.  18  Boheated  to  850°  Quenched  500X 


Fig,  20  Reheated  to  920°  Quenched  500X 


Fig,  21  Reheated  to  980°  Quenched  50CK 
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oiled  to  2C^  Reduction 


Fig*  28  3Al-5Cr-Ti  Slowly  Cooled  50aX  Fig.  29  #28  Reheated  to  850°  500X 


BEND  TESTS  - TITANIUM  ALLOY 


AS  RECEIVED  SHEET 


TRANSVERSE  TO  ROLLING  DIRECTION  - LONGITUDINAL 


COLD  AND  'WARM'  ROLLED 

SANDBLASTED  TO  REMOVE  SURFACE  ^ AS  RECEIVED 


REDUCED  10% 
AT  20»C 


HOT  ROLLED 


REDUCED  I0\  IN  THICKNESS 


lOOO'C 


REDUCED  20X  IN  THICKNESS 


1000“  C 


BEND  TEST  SPECIMENS 


FIGURE  34 


Figure  35 

Microsiructuro  and  Rockwell  A Hardness  of  Titanivoci  Alloy  Specinens. 
xiens  were  of  arc  neltcd  bars,  cold  rolled  to  20^  reduction,  annealed 
ir  at  SOQOC,  cold  rolled  to  35%  reduction,  and  heated  in  vacuum  for 

quenching. 


Quenched 
from  1000°C 
75%  AcicuLar 
Beta,  sono 
growth 
61-62 


Quenched 
from  950°C 
20?^  Beta  at 
boundaries 
no  growth 
59-60 


Quenched 
from  900°C 
^ Beta  in 
Alpha  grain 
boundaries 
5&-59 


Conpo-  Structure  Quenched 

sltion  Before  from  850°C 

Worked  Alpha  Recrystallized 
3%  A1  grains,  single  Alpha  single 
97%  Ti  phase  phase 

62-64  6l-6l 

Worked  Alpha  Recrystallized  Alpha  Phase 

2%  A1  grains, single  Alpha,  single  no  growth 
98%  Ti  phase  phase 

63-63  58-61  59.5-60 

V/orkod  Alpha  Recrystallized  2C%  Beta  in 

1%  A1  grains, single  Ali^, single  grain  bound- 
99%  Ti  rhaso  phase  no  growth 

59-61  54-54  53-55 

100%  Worked  Alpha  Recrystallized  25%  Beta, in 
Ti  grains, single  Alpha, single  grains  and 

phase  phase  boundaries 

64-64.5  56.5-57.5  58-58 


60%  Beta  at  95%  Beta,ver-/ 
boundaries  largo  acicul  a- 
no  growth  CToins 

59-60  62-63 


90%  Beta,  100%  Beta, very 
some  growth  large  acicular 
grains 

57-57.5  57-59 

80%  Beta,  100%  Beta, very 

some  large  acicular 

growth  grains 

57-59  57.5-59 

80%  Beta,  90%  Beta,  100%  Beta, very 
some  growth  largo  grains  large  grains 

64-64  63-65  64.5-66 


50%  Beta, 
some  growth 


Worked  very 
small  Alpha 
grains 
63-64 


90%  Beta 
rccrystal- 
lizing 
68-70 


70-71 


Two  phase, large  75%  Beta, Alpha  90%  Beta 

3%  Or  grain  network  is  oriented  in  rccrystal- 
975'^  Ti  basket  weave  beta  grains  lizing 

66-66.5  70-71  71-72 


Two  phase, Large  75%  Beta,Alpha  85%  Beta,  100%  Beta,  100%  Bota,very 

4%  Or  grain  network  oriented  in  Ig.  recrystal-  large  acicularlarge  acicular 
96%  Ti  basket  weave  Beta  grains  lizing  grains  grains 

67-68  72-73  75-76  74-74.5  74.5-75 

Two  phase,  largo  75%  Beta, large  85%  Beta,  10C%  Beta,  100%  Beta, very 

5%  Or  grain  network  grain  network  recrystal-  large  acicular  large  acicular 
95%  Ti  basket  weave  izing  grains  grains 

64-66  72-73  75-76  74-74.5  74.5-75 

3%  Au.  Two  phaso,large  70%  beta,lg.  85%  Beta,  10C%  Beta, 100%  Bcta,sirgle 
5%  Or  grains, phases  grain  network  small  grains  large  grains  phase  Ig. grains 
92%  Ti  oriented  in  gr  acicular  very  few  needles 

68-69  67.5-67.5  68-68  68-68  67-68 
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PlXBT*  36.  Partial  Phas*  Ulagraa  of  Titanlua-Chroaiiai  SjataB.  IRU^ 
Daahod  Tinaa  lodleato  Tranafoiaatlon  Ranga  found 
with  oonBarolal  apooga  Tltanlia,  MIL 
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rifva  37.  Putial  IteM  Mactua  of  Tltan1<aa  «1iairtnw  Sjataa,  KTO^ 

Daabad  Unaa  iadleata  Tranafanwtlaa  Ranga  found 
■lUi  eoHiarolal  apeoga  Tltanlun,  JOB) 


Fleur**  38.  Ftob  N*u  York  OnlTorelty  Report  on  K*vy  Cortr-  ct  Ko,  Nn»(*)51-331-^ 


Figure  39.  Back  Reflection  X-ray 
Pattern  - 205?  cold  Rolled  3 Al-5 
Cr-  Ti  Alloy  Sheet 


Figiire  42.  Microstructure  of 
X-rayed  area  of  Figure  41> 
Electropollahed  500X 


Figure  43.  Tabulation  of  Tension  and  Bend  Tost  Results 


Ultimate 

Measured 

Chart  Total 

Chart  Plastic 

Fiber  Strain 

Treatment 

As  rec'd 

El,9ng..2!l 

Strain 

Strain 

in  Bend  Test 

Long. 

163,000 

3.55? 

2.8% 

2.0% 

2.345?-2.205?. 

Long. 

159,500 

2.5% 

2.2% 

1.3% 

2.80-2.15% 

Trans. 

152,560 

3.05? 

2.55% 

2.0% 

2.44-2.00% 

Trans. 

Rolled  105S 

152,500 

3.0% 

2.60% 

1.8% 

2.24-2,30% 

600°C 

159,760 

4.55? 

3.37% 

2.12% 

2.70% 

Rolled  205? 
600°C 

168,960 

3.5% 

3.13% 

1.90% 

1.71-1.96% 

Rolled  105? 
650^0 

157,000 

X 

3.70% 

2.63% 

3.04—2.61% 

Rolled  20^ 
650°C 

162,500 

3.0% 

2.63% 

1.50% 

2.26%- 

Rolled  105? 
6750c 

158,400 

5.0% 

4.44% 

3.32% 

2.99-2.51% 

Rolled  205? 
6750c 

167,700 

3.55? 

3.00% 

1.82% 

2.70-2.36% 

Rolled  105? 
700OC 

160,000 

5.0% 

4.25% 

3.25% 

2.56-2.36% 

Rolled  205? 
700OC 

169,280 

6.0% 

5.0% 

3.66% 

2.36-2.21% 

Rolled  105? 
700OC 

158,740 

1.55? 

X 

X 

2.84-3.22% 

Rolled  20^ 
700OC 

160,740 

4.55? 

X 

X 

2.24-2.44% 

Rolled  105? 
800'^ 

190,330 

1.0% 

X 

X 

1.0*  -1.9%* 

Rolled  205? 
800OC 

190,300 

.75% 

X 

X 

X*  - X* 

Rolled  105? 
900OC 

160,350 

2.0% 

X 

X 

2.24-2.16% 

Rolled  205? 
900OC 

144,400 

1.0% 

X 

X 

1.5%*-  X* 

Rollod  105? 

iooqoc 

X 

X 

X 

X 

.5%*  -X* 

Rollod  205? 

118,400 

1.5% 

X 

X 

1.0%*-.5%* 

lOOOOC 


(x)  Not  dotornined. 
(*)  Fractured 
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Appendix  H - Uathonatleal  Derivation  of  Raditie  of  Curvattire  *r'  froa 
Ueaaurement  of  Height  of  Bend  of  SpeelMO  'h*. 
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Derivation  of  Itethod  of  Evaluation  of  Tensile  Strain 
fron  Radius  of  Curvature. 
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Appendix  III  - Oerivatlon  continued 
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la  thua  the  tenalle  atraln  in  the  outer  flbera,  and  the  values 
of  e^  corresponding  the  values  of  % calculated  fron  the  radius  of 
curvature  and  thickness  aeastireatents  of  the  speclaians  can  be  read 
froa  a graph. 


